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ABSTRACT

Chop is a ubiquitously expressed mammalian gene
encoding a small nuclear protein related to the
CCAAT/enhancer-binding protein (C/EBP) family of
transcription factors. CHOP protein plays an important
role in various cellular processes such as growth,
differentiation and programmed cell death. CHOP
expression is strongly increased in response to a
large variety of stresses including perturbation of the
endoplasmic reticulum function, DNA damage and
nutrient deprivation. Multiple mechanisms including
transcriptional and post-transcriptional controls are
involved in the regulation of CHOP expression. We
show here that the 5’'UTR of the Chop transcript
plays an important role in controlling the synthesis
of CHOP protein. In particular, the 5’UTR contains a
conserved uORF which encodes a 31 amino acid
peptide that inhibits the expression of the down-
stream ORF. Mutational analysis of the 5’ leader
region and peptide coding sequences suggests that
the peptide itself inhibits expression of the down-
stream ORF. Such results suggest a role for uORF in
limiting ribosomal access to downstream initiation
sites. With respect to the importance of CHOP
protein in the regulation of cellular functions, the
mechanisms that regulate its basal level are of
considerable interest.

INTRODUCTION

Chop is a ubiquitously expressed mammalian gene encoding a
small nuclear protein related to the CCAAT/enhancer-binding
protein (C/EBP) family of transcription factors. Members of
the C/EBP family have been implicated in the regulation of
processes relevant to energy metabolism (1), cellular prolifera-
tion, differentiation and expression of cell-type-specific genes
(24). Over-expression of CHOP attenuates the process of
adipocyte differentiation in 3T3-L1 cells (5), leads to cell cycle
arrest (6) and can interfere with programmed cell death (7,8).
Additional evidence for the importance of CHOP in cellular
growth comes from the observation that, in a vast majority of
cases of myxoid and liposarcoma, the Chop gene is structurally

rearranged, giving rise to the constitutive expression of an
altered, oncogenic form of the protein (9-14).

The Chop gene encodes a protein that acts as a transcrip-
tional activator, essential for the expression of a set of genes
(15). By forming heterodimers with other members of the C/EBP
family, CHOP can influence gene expression as both a dominant-
negative regulator of C/EBP and by redirecting CHOP-C/EBP
heterodimers to other sequences (5,6,11,16,17). It has also
been recently shown that CHOP can interact with members of
the growth-promoting transcription factor family, including
jun-d, c-jun and c-fos, to activate promoter elements in the
somatostatin, jun-d and collagenase genes (18).

In a wide variety of cells, the Chop gene is induced by stress
giving rise to DNA damage or decreased function of the endo-
plasmic reticulum (ER) such as genotoxic agents (19), oxidative
or reductive stress (20,21) and glucose deprivation (22). In
addition, Chop is responsive to amino acid deprivation through
a pathway that is distinct from the ER stress-signaling cascade
(23,24). In animals, Chop mRNA is increased during the acute
phase response initiated by treatment with lipopolysaccharide
(25) and during caloric restriction (26).

In every cell type tested, the basal expression level of CHOP
is very low, almost undetectable. However, CHOP expression
can be rapidly induced in response to different stimuli. Taking
into consideration the important consequences of its expression, it
is reasonable to expect that CHOP level is highly regulated. It
has been previously shown that Chop induction involves both
transcriptional and post-transcriptional mechanisms (23,27).
These observations led us to investigate the potential role for
translational control in determining CHOP expression level. In
this study we report that an upstream open reading frame
(uORF) located in the Chop 5’-untranslated region (5'UTR)
inhibits the rate of CHOP translation. Analysis of the mechanisms
by which the Chop uORF inhibits downstream translation
demonstrates that the uORF encodes a functional polypeptide
that inhibits translation of the downstream cistron.

MATERIALS AND METHODS

Oligonucleotides

Oligonucleotides were from Eurogentec (Belgium). When
double-stranded oligonucleotides were required, equal
numbers of moles of complementary strands were heated to
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90°C for 1 min and annealed by slow cooling to room tempera-
ture.

Cell culture and treatment conditions

HeLa cells were cultured at 37°C in Dulbecco’s modified
Eagle’s medium F12 (DMEM F12; Sigma) containing 10%
decomplemented fetal bovine serum (FBS).

DNA transfection

Cells were plated on 60 mm plates and transfected by the
calcium phosphate coprecipitation method as described previ-
ously (28). LUC plasmid (5 pg) was transfected into the cells
along with 0.25 ug of pPCMV—f-gal, a plasmid carrying the
bacterial Lac-Z gene (encoding B-galactosidase) fused to the
human cytomegalovirus immediate-early enhancer/promoter
region, as an internal control. Cells were exposed to the precipitate
for 16 h, washed twice in PBS, and then incubated with
DMEM F12 containing 10% FBS. Forty-eight hours after
transfection, cells were trypsinised and diluted in 1 ml of PBS.
For each sample, 500 pl of cell suspension was used for
luciferase assay and 500 pl was used for RNA isolation and
transcripts quantification.

Luciferase assay

Trypsinised cells were pelleted by short centrifugation and the
supernatant was discarded. Cells were then suspended in 150 pl of
lysis buffer (Promega) and centrifuged at 13 000 g for 2 min.
Twenty microliters of the supernatant were assayed for luciferase
activity (PRODEMAT, Anduze, France). B-Galactosidase
activity was measured as described previously (29). Relative
luciferase activity was given as the ratio of relative light unit/
relative B-gal unit. All values are the means calculated from
the results of at least three independent experiments.

RNA isolation and quantification of LUC and LacZ
transcripts

RNA was prepared from a cells pellet using a QIAGEN
RNeasy Mini Kit. After quantification of total RNA by measuring
OD at 260 nm, 0.5 nug of RNA was treated with 1 U of DNase
I (Gibco BRL). Reverse transcription using random primers
(Hexanucleotides Mix; Boehringer Mannheim) was performed
with Superscript RT II (Gibco BRL) according to the protocol
of the manufacturer. The first strand obtained was quantified
using a real time quantitative PCR system: TagMan assay on
ABI PRISM 7700 Sequence Detection System (SYBR Green [
double-stranded DNA binding dye chemistry). The following
oligonucleotides were used for the amplification of 103 and
105 bp fragments of the cDNAs corresponding to LUC or
LacZ, respectively: LUC primers, 5-AGG GAC AAG ACA
ATT GCA CTG A-3" and 5-TGC GAG AAT CTC ACG CAG
G-3’; LacZ primers, 5-GCT GCA TAA ACC GAC TAC ACA
AA-3" and 5-GCC GCA CAT CTG AAC TTC AG-3’. The
samples were first heated at 50°C for 10 min and then at 95°C
for 10 min and amplified during 40 cycles as follows: 95°C for
15 s, 60°C for 30 s, 72°C for 30 s. The relative LUC mRNA
level was given as the ratio of LUC mRNA/LacZ mRNA.

In order to validate the techniques used in these experiments,
we verified that the protein content encoded by one reporter
gene is proportional to its mRNA content in the absence of
translational regulation (results not shown). This experiment
was performed following transfection of various amounts of

pCMV-B-gal and pCMV-LUC plasmids. We can conclude
that Luc and B-gal activities and the transcript contents are
accurately measured.

Expression of tagged CHOP protein

The identical 9E10-tagged CHOP protein was expressed from
recombinant retroviral vectors (pBABE.puro) that either
lacked the 5'UTR of Chop or contained the 5’"UTR of human
Chop. Construction of the CHOP-expressing retrovirus was
performed as described previously (5). NIH-3T3 cells infected
with recombinant retrovirus were selected for puromycine
resistance. CHOP protein levels in NIH-3T3 cells stably
expressing equal amounts of the retroviral mRNA were meas-
ured by western immunoblotting using a rabbit polyclonal
antiserum against CHOP.

Plasmid constructions

All constructs were generated by PCR using Pfu polymerase
(Stratagene), forward and reverse primers containing appropriate
restriction sites at their 5" end. Amplified fragments were then
cloned into the pGL3-basic reporter construct (Promega) using
the corresponding restriction sites.

The CHOP-5'UTR-LUC construct (Fig. 1B) was generated
by inserting the +6 to +170 PCR fragment of the 5’UTR of
Chop (generated by using Aflll-ended forward primer and
HindlIII-ended reverse primer) in between the Af/II and HindIII
restriction sites of the —-649/+91CHOP-LUC construct (30), a
plasmid containing the CHOP promoter upstream LUC. The
CHOP-5"UTR(21)-LUC (Fig. 1B) construct was generated by
substituting the +6 to +170 5'UTR fragment by a deleted frag-
ment (+6 to +21) generated by PCR using AfllI-ended forward
and HindIIl-ended reverse primers.

The CMV-LUC construct (Figs 1C and 4) containing the
human cytomegalovirus immediate-early enhancer/promoter
region (CMV) (-600 to +64) was generated by PCR using
Xhol-ended forward primer and HindIlI-ended reverse primer.
The amplified fragment was then cloned into pGL3 at the Xhol
and HindlIII restriction sites.

The CMV-5'UTR-LUC construct [uAUG(+) construct;
Figs 1C, 3, 5(1), 6(5) and 7A(1)] containing the human CMV
promoter (—600 to +6) and the 5’"UTR of Chop (+6 to +170)
was generated by cloning a PCR fragment of the CMV
promoter using Xhol-ended forward primer and Af/II-ended
reverse primer in between the Xhol and AfIII sites of CHOP—
5’UTR-LUC.

The CMV-5"UTR-LUC mutated constructs (Fig. 3) were
generated by cloning mutated PCR fragments of the +6 to
+170 5'UTR using wild-type or mutated Aflll-ended forward
primers and wild-type or mutated Hindlll-ended reverse
primer generating mutation of the first uAUG (uAUG#1
construct), the second uAUG (WUAUG#2 construct), the third
uAUG (uAUG#3 construct) and of the three uAUGs [uUAUG(—
) construct] in between the AfIII and HindIII sites of CMV—
5’UTR-LUC construct. For each AUG mutation, the A of the
AUG was substituted by T.

The CMV—-uORF/LUC (Fig. 4) in-frame fusion construct
was generated by inserting a PCR fragment amplified from the
CMV-5"UTR-LUC construct using the Ncol-ended primers,
5-GCG CCA TGG TGA TGC GGT TTT GG-3’ (forward
primer) and 5’-CGC CCA TGG CTG CAG TTG GAG CAG
TCT GGA AAA GC-3’ (reverse primer where the stop codon



of the 5’UTR is replaced by the Ncol site), in between a Ncol
digested CMV-5"UTR-LUC construct. This cloning leads to a
fusion between the stop codon of the Chop 5'UTR and the
ATG codon of the LUC coding sequence.

The STOPmt construct [Fig. 5(3)] was generated by
inserting an AfIII/HindIll fragment in between the AfIII and
HindIlI sites of CMV-5"UTR-LUC construct. This fragment
was obtained by fusion of two PCR fragments: (i) a PCR frag-
ment amplified from the CMV-5"UTR-LUC construct using
the forward Aflll-ended primer 5-AGA CTT AAG TCT AAG
GCA CTG AGC GTA TC-3’ and the reverse primer 5-CAT
CTG CTT TCT GGT GTG GTG ATG TAT G-3’ (containing
the mutation of the stop codon of the uORF) and (ii) a PCR
fragment amplified from the CMV-5"UTR-LUC construct
using the forward primer 5’-CAT ACA TCA CCA CAC CAG
AAA GCA GAT G-3’ and the reverse HindIll-ended primer
5’-GCC AAG CTT CAG TTG GAT CAG T-3". This fragment
contains a mutation of the stop codon of the uORF and intro-
duction of a 1 nt frame shift in order to generate an extended
uORF that is not in-frame with the LUC gene. The fusion of
the two PCR fragments was obtained by PCR amplification
with the first forward primer and the second reverse primer,
using the two fragments already synthesized as a template.

The CMV-5'UTR-LUC construct containing an optimal
context for ribosomal initiation at the AUG#2 [Fig. 5(2)] was
generated by cloning mutated PCR fragments of the +6 to
+170 5’'UTR using a mutated Aflll-ended forward primer
(replacing the AUG#2 Kozak sequence by the following
sequence: gccgeccaccAUGgE) and wild-type HindIll-ended
reverse primers in between the Af/II and HindIII sites of
CMV-5"UTR-LUC construct.

The ICmt construct [Fig. 6(3) and (4)] wild-type or mutated
on the uAUGs was generated by inserting an Af/II/HindIII
fragment in between the AfIIl and HindIIl sites of CMV-
5’"UTR-LUC construct. This fragment was obtained by fusion
of two PCR fragments: (i) a PCR fragment amplified from the
CMV-5"UTR-LUC construct (wild-type or mutated on the
uAUG#1 and #2) using the forward Aflll-ended primer 5'-
AGA CTT AAG TCT AAG GCA CTG AGC GTA TC-3’ and
the reverse primer 5-GCA GTT CAG GCC TCA GGT GTG
GTG ATG TAT GAA G-3’ and (ii) a PCR fragment corre-
sponding to an AUG-free LacZ sequence amplified from the
LACZ gene using the forward primer 5’-CAT CAC CAC ACC
TGA GGC CTG AAC TGC CAG CTG GCG CAG G-3" and
the reverse HindIll-ended primer 5-CGC AAG CTT GCT
CTG CTA CCT GCG CCA G-3'. The fusion of the two PCR
fragments was obtained by PCR amplification with the first
forward primer and the second reverse primer using the two
fragments already synthesized as a template. In this construct a
restriction site Stul was added just after the stop codon.

The +47 constructs [Fig. 6(7) and (8)], wild-type [uAUG(+)]
or mutated on the uAUGs [uAUG(-)] were generated by
inserting a double-strand 47-bp Hindlll-ended fragment
(5’-AAG CTT AAG GCA GAT CCC AGC GGT CAA AAC
AGG CCA ATC CGC GCC GGA AGC TT-3’) in between the
HindIIl site of dephosphorylated CMV-5'UTR-LUC or
CMV-5"UTR-uAUG(-)-LUC plasmids, respectively.

The +140 constructs [Fig. 6(9) and (10)], wild-type
[uAUG(+)] or mutated on the uAUGs [uAUG(-)] were generated
by inserting a 140-bp Hindlll-ended fragment. This 140-bp
fragment corresponds to an AUG-free PCR fragment of the
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LacZ gene generated using HindIll-ended forward primer
(5-GCG AAG CTT CCG GCG CGG ATT GGC CTG-3’) and
HindlIll-ended reverse primer (5-GCG AAG CTT AAG GCA
GAT CCC AGC GGT CAA AAC AGG-3).

The AIC constructs [Fig. 6(11) and (12)] were generated
from the ICmt constructs mutated or not on the uAUG. The
lacZ sequence of the ICmt constructs contains a restriction site
Stul that is located immediately after the CHOP uORF stop
codon (see above). The fragment Stul-HindIIl was removed
from the ICmt constructs. The plasmids were then blunted and
ligated.

The uAUG(+)/Stop and uAUG(1+2)/Stop constructs [Fig. 7(3)
and (4)] were generated by inserting an Af/II/HindIII fragment
in between the AfIII and HindIIl sites of CMV-5'UTR-LUC
construct. This fragment was obtained by fusion of two PCR
fragments: (i) a PCR fragment amplified from the CMV-
5’'UTR-LUC [uAUG(+) or uAUG(-)] construct using the
forward Afill-ended primer 5-AGA CTT AAG TCT AAG
GCA CTG AGC GTA TC-3’ and the reverse primer 5-GGC
TCT GTC GCT GTC ACC CGC TCA TC-3’ [replacing the
UGG codon of the uORF positioned at +50 by a stop codon
(UGA)] and (ii) a PCR fragment amplified from the CMV-
5’'UTR-LUC construct using the forward primer 5-GAT GAG
CGG GTG ACA GCG ACA GAG CC-3’ [replacing the UGG
codon of the uORF positioned at +50 by a stop codon (UGA)]
and the reverse HindIll-ended primer 5-CGC AAG CTT GCA
GTT GGA TCA GTC TGG A-3’". The fusion of the two PCR
fragments was obtained by PCR amplification with the first
forward primer and the second reverse primer using the two
fragments already synthesized as a template.

The coding sequence (CDS) uORFmt construct [Fig. 7 (5)
and (6)] was generated by cloning a PCR fragment of the +6 to
+170 5'UTR containing a mutated uORF sequence. The muta-
tion was obtained by adding one base after AUG#2 (ATG AGg
CGG), whereas one base was withdrawn before the uORF stop
codon (CCA CAC- TGA). The PCR was performed using a
mutated Aflll-ended forward primer (frame shift +1 nt) and a
mutated HindIll-ended reverse primer (frame shift —1 nt), the
fragment was then cloned in between the Af/II and HindIII sites
of CMV-5UTR-LUC construct. For PCR the pCMV-
5’UTR-LUC mutated or not on AUG#1 and AUG#2 were used
as template (construct mutated or not on the AUG#1 and
AUG#2).

The ‘silent mutation’ [Fig. 7A(7) and (8)] was generated by
cloning a PCR fragment at the Bsu36I and HindIII sites into the
CMV-5"UTR-LUC construct mutated or not on AUG#1 and
#2 [Fig. 7A(1) and (2)]. The PCR fragment was amplified
using the reverse HindIll-ended primer 5-GCC AAG CTT
CAG TTG GAT CAG T-3’ and the forward primer 5’-G AAC
CTG AGG CGT GAA TGC TCT AGA CGA AAATGC ATA
TTT ATC CAC CAC CAC ACC TGA-3’. The mutated nucle-
otides are underlined, the bold nucleotides are not mutated in
the mouse sequence. The CMV-5'UTR-LUC construct was
used as template.

The uORF and uORF uAUG(-) expression vectors (Fig. 7B)
were obtained by deletion of the luciferase coding region of the
construct CMV-5"UTR-LUC and CMV-5"UTR-uAUG(-)-
LUC, respectively (HindIll/Xbal fragment).

All the luciferase plasmid constructs were sequenced before
utilization using a BigDye terminator cycle sequencing ready
reaction kit (Perkin Elmer) and an ABI PRISM 310 Genetic



4344 Nucleic Acids Research, 2001, Vol. 29, No. 21

Analyser (Perkin Elmer) according to the manufacturer’s
instructions.

Western blot analysis

Transfected cells were harvested in 150 pl of lysis buffer
(Tris 20 mM pH 6.9, NP-40 0.5%, PMSF 0.5 mM) and centri-
fuged at 13 000 g for 2 min. Five hundred micrograms (total
protein) of each extract were applied on a mono Q HR 5/5
column (ion exchange chromatography; Amersham Pharmacia)
equilibrated with a 30 mM Tris—-HCl pH 8.0 buffer. After
passage of unretarded proteins through the column, a linear
gradient (20 ml total) was initiated from O to 0.5 M NaCl. The
fractions containing LUC activity were eluted in the gradient at
~0.2 M NaCl. After precipitation (5% TCA, 0.5% PTA) 20 ug
of extracts were separated by SDS-PAGE on a 10% (w/v)
polyacrylamide gel and electrophoretically transferred to a
hybond C membrane in 25 mM Tris/190 mM glycine.
Membranes were blocked for 1 h at room temperature with
a 5% non-fat milk powder solution in TN buffer (50 mM
Tris—HCI pH 8.0, 150 mM NaCl). The blots were then incu-
bated with the anti-LUC antibody (1/500) in blocking solution
overnight at 4°C, then washed four times in TN containing
0.05% Triton X-100, and incubated with an anti-rabbit anti-
body conjugated with alkaline phosphatase (1/5000) for 1 h at
room temperature. The blots were then treated with the ECF
western blotting reagent (Amersham) and visualized by a
chemiofluorescence detection system (Molecular Dynamics).

RESULTS

The Chop 5'UTR sequence represses translation of
downstream coding sequences

To determine whether the Chop 5’UTR can regulate translation
of the Chop ORF, we constructed a retroviral vector expressing
the tagged CHOP ORF containing or lacking the 5’UTR
(Fig. 1A). After infection of NIH-3T3 cells, CHOP protein and
mRNA accumulation was measured in control cells and in
response to an agent (tunicamycin) that induces ER stress. As
expected, both mRNA and protein content of the endogenous
Chop gene are strongly induced in response to tunicamycin
treatment. The  construct [5’UTR(A)-9E10-CHOP],
containing the Chop gene without 5’UTR, shows a high
expression of the CHOP protein. In contrast, CHOP expression
is strongly repressed when the 5’'UTR is inserted between the
transcription start site and the CHOP coding sequence
(5'UTR-9E10-CHOP). Tunicamycin treatment does not affect
CHOP expression in both constructs, containing or not
containing the 5'UTR. In the same experiment, the mRNA
content is not significantly affected by the Chop 5'UTR.
Similar results were obtained using HeLa cells (results not
shown). Taken together, these results demonstrate that Chop
translation is strongly repressed by the leader region of the
Chop transcript but this region is not involved in the regulation
of Chop expression in response to stress.

We next investigated whether the Chop 5’UTR could repress
the downstream ORF in a different context (Fig. 1B and C).
Reporter gene LUC, driven either by the CMV or by the Chop
promoter, was used in place of Chop and the constructs were
transfected into HeLa cells. The AUG of the LUC gene is in an
optimum context to be initiated by ribosomes. Our results

show that the level of luciferase activity is repressed when the
+21 to +170 fragment of the CHOP 5'UTR is present whereas
the LUC mRNA level is not affected. For these experiments
the LUC transcript was measured by quantitative reverse tran-
scription PCR and we considered that the LUC activity was
proportional to the LUC protein content (31).

The Chop 5’UTR contains a conserved uORF

To better understand the mechanisms by which the Chop
5’UTR region can repress translation of the downstream ORF,
its nucleotide sequence was analyzed. The alignment of the
5’UTR of human, mouse and hamster Chop transcripts reveals
a high sequence homology (Fig. 2A), and the presence of three
translation start sites (upstream AUG—-uAUG) for the human
sequence and two for the hamster and mouse sequences. The
AUG#1 and AUG#2 are in-frame with the same stop codon
(UGA) delineating an ORF of 34 and 31 amino acids, respec-
tively. The amino acid sequences of the uORF peptides in
hamster, mouse and humans also show a high degree of
homology (Fig. 2B). It is noticeable that the human 5’'UTR
sequence also contains a third uAUG which delineates an ORF
overlapping the Chop ORF. The conservation of the first uORF
between species and its location in the transcript suggest that it
is functionally important for the regulation of CHOP expres-
sion. These uAUGs, as well as the CHOP initiation codon, are
found within a sequence context that allows translational initiation
of the ribosome (32,33). Altogether, these observations led us
to focus on the effects of the uAUGs in modulating the trans-
lation of downstream coding sequence.

Mutations in the upstream AUGs abolish the repressor
effect of the 5UTR

To determine the importance of the uAUGs in regulating Chop
translation, we constructed a series of plasmids (derived from
pCMV-5'UTR-LUC) containing a point mutation for each
uAUG. After transfection, a cellular extract was prepared and
assayed for LUC activity and mRNA content (Fig. 3). The level
of transcripts is very similar among all constructs, indicating that
differences in LUC activity do not result from variation in
mRNA accumulation. In contrast, LUC activity is affected by
mutation of the uAUGs. Particularly, a mutation within the
second or third uUAUG (uAUG#2 or uAUG#3) causes a 6- and
2-fold increase of the LUC activity, respectively, whereas
mutation of the uAUG#1 has no significant effect. When all
the uAUGs are mutated [uAUG(-)], the repressing effect of the
5’UTR is absent since the LUC activity was equivalent to that
measured in the absence of the Chop 5'UTR (Figs 3 and 1C).
Compared to the wild-type leader sequence, mutation of the
three uAUGS (the A of the AUG codon was mutated) leads to
an ~10-fold increase in LUC activity (similar results were
obtained after mutation of the G of the AUG codon; results not
shown). These results show that the repression of the LUC
activity due to the presence of the Chop 5’'UTR occurs at a
translational level. In addition, the uAUG#2 is strongly
involved in this repressive effect.

Translation initiation at the upstream ORF

The results described above suggest that Chop uOREF is trans-
lated after initiation of the uAUG#2 codon. To test directly the
possibility that the uORF can be translated, we generated a
construct in which the stop codon of the uORF as well as the
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Figure 1. The Chop 5'UTR sequence represses translation of the downstream

coding sequences. (A) NIH-3T3 cells were infected with recombinant retrovirus

expressing, under the control of the CMV promoter, the tagged CHOP ORF that contained the 5’UTR of human Chop (5'UTR-9E10-CHOP, lane 3) or not
[S’'UTR(A)—9E10-CHOP; lane 2]. A control experiment was performed by infecting cells with an empty virus (Untransfected, lane 1). Cells were then incubated
for 4 h with or without 2.5 pg/ml of tunicamycin. On the construct scheme, the arrow represents the transcription start site. Protein extracts were analyzed for the

presence of CHOP protein and mRNA as described in Materials and Methods. (

B) HeLa cells were transiently transfected with LUC constructs containing either

the wild-type (5"UTR—LUC) or the deleted [5'UTR(21)—LUC] Chop 5’'UTR downstream of the Chop promoter. Forty-eight hours after transfection, cells were
harvested and analyzed for relative luciferase activities and relative LUC mRNA level as described in Materials and Methods. (C) HeLa cells were transiently
transfected with constructs containing the CMV promoter driving a LUC construct containing or not containing the Chop 5’"UTR. The CHOP 5'UTR was cloned

+6 nt after the start site for transcription. The relative Luc mRNA content was not

intercistronic region were deleted and the Chop uORF was
fused in-frame to the luciferase ORF (pCMV-uORF/Luc in-
frame fusion). In this experiment, LUC synthesis should only
occur if ribosomes initiate translation at the uORF uAUGs
codons. Transfected cell extracts were roughly purified and
analyzed for LUC expression by western blotting using a
specific antibody that recognizes luciferase protein. The
immuno-blot presented in Figure 4 shows that the ORF-LUC
fusion protein is expressed at a similar level as the LUC protein

affected by the CHOP 5'UTR. (t-test, n > 3, ** = P < 0.0001, NS = not significant.)

expressed from the pCMV-LUC vector. As expected, this
protein has a molecular weight slightly higher than the LUC
protein. The above data demonstrate that the uORF is effi-
ciently translated.

Translation initiation at the downstream ORF

Because uAUG#2 is well initiated by ribosomes and because
uAUGH#2 cannot be removed following alternative splicing of
the transcript or utilization of another transcriptional intiation
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A The CHOP 5'UTR sequence
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Human: AGAGAT *CTTAAGTCTAARGGCACTGAGOUTATC | ATG TTA AAG| ATG AGC GGE
U " : ; NATG TT - AAG|ATG AG
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NGOR O . T e ata

B The CHOP wORF encoded peptide sequence

Human : MLEESGWOROSONOSEWHLR

Human 1 ARECERRECTIFIHNHNHT?®
B E FIHEH

Figure 2. CHOP 5’UTR contains a conserved uORF. Sequence alignment of
the 5'UTR region of the human, mouse and hamster Chop transcript.
(A) Nucleotide sequence, (B) amino acid sequence. The uAUG codons and the
stop codon are indicated. The conserved nucleotides or amino acids are shown
and the nucleotide sequence of the uORF is boxed.

site, we were interested in investigating the mechanism by
which the downstream OREF is translated. One possibility is
that translation occurs through ‘leaky scanning’ in which some
ribosomes subunits do not initiate at the uAUG codon and
translate the downstream ORF. Another possibility is that a
few ribosomes that translate the uORF may re-initiate trans-
lation at the downstream AUG (34,35). To evaluate these
possibilities, several sets of experiments were conducted.

First, we mutated the context of the uAUG#2 in a sequence
(gccgeccaccAUGgE) known to yield maximum initiation
frequency (36,37). Figure 5 shows that placing the uAUG in an
optimal context does not significantly affect LUC expression.
Therefore, the uAUG#2 codon is equally initiated in both a
wild-type and optimally mutated context. These data reinforce
the conclusion that the uAUGH#2 is present within a context
able to efficiently allow translation and thus uORF is effi-
ciently translated.

To further evaluate the contribution of ‘leaky scanning’ to
translation of the downstream ORF, we mutated the stop codon
of the uORF and introduced a frame shift of 1 nt in order to
generate an extended uORF that is not in-frame with the LUC
gene [Fig. 2)]. This uORF overlaps with the LUC ORF and
terminates at the next stop codon located 22 nt downstream of
the LUC initiation codon. This mutation prevents the transla-
tion of the LUC OREF by reinitiation after translation of the
CHOP uOREF. The reduction of the luciferase activity observed
suggests that ribosomal reinitiation could be responsible for a
part of the translation of the downstream ORF (Fig. 5).
However, because ribosomes translating the expanded uORF
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Figure 3. Mutations in the uAUGs abolish the repressor effect of the 5’UTR.
HeLa cells were transiently transfected with LUC constructs containing the
wild-type [uAUG(+)] or mutated Chop 5'UTR downstream of the CMV pro-
moter. The AUGs shown in Figure 2 were mutated individually (uAUG#1,
uAUG#2, uAUG#3) or all together [uAUG(-)]. On the construct scheme, the
arrow represents the transcription start site and the open box shows the uORF.
Forty-eight hours after transfection cells were trypsinised, then half was pro-
ceeded for luciferase and B-galactosidase activity assays, and the second half
was used for RNA extraction and transcript quantification. Relative LUC activ-
ities and mRNA levels were determined as the ratio LUC/BGAL as described
in Materials and Methods. (LUC activity: t-test, n > 5, ** = P < 0.0001, NS =
not significant; LUC mRNA: t-test, n = 3, NS = not significant).

may interfere with initiation events at the overlapping LUC
start codon, it is difficult to determine from this experiment the
respective role of leaky scanning and reinitiation in translating
LUC.

Effect of intercistronic spacing on translation of the
downstream ORF

In a number of genes containing uORF (34,38) it has been
shown that ribosomal re-initiation after the uORF stop codon is
affected by both the sequence of nucleotides following the
upstream termination codon and the distance between the
uORF and the downstream start site. We introduced several
mutations in the intercistronic region to understand its role in
translation of the downstream ORF (Fig. 6). In a first set of
experiments, the wild-type sequence was substituted by a LacZ
sequence that does not contain an AUG [Fig. 6(3)]. Because
substitution of the spacing region removed the uAUG#3, a
construct containing a mutated 5’UTR on this uAUGH#3 is
presented as a control [Fig. 6(1)]. Our results show that muta-
tion of the intercistronic region does not significantly affect the
LUC activity [Fig. 6(3)]. Moreover, in order to detect
unexpected uORF-independent effects of the mutations, the
plasmids previously used were mutated on the uAUG#1+2
[Fig. 6(2) and (4)]. In this context, mutation of the inter-
cistronic region does not affect expression of the downstream
cistron.

In a second set of experiments, we modified the length of the
intercistronic region. First, we inserted fragments of different
lengths into the intercistronic region [Fig. 6(7)—(10)]. These
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Figure 4. Translation is initiated at the uORF AUG codon. HeLa cells were
transiently transfected with LUC constructs containing either (1) LUC down-
stream of a CMV promoter or (2) a construct containing CHOP-uORF/LUC
in-frame fusion downstream of the CMV promoter. Seventy-two hours after
transfection, whole cell lysates were prepared and analyzed for the luciferase
protein content by western blotting as described in Materials and Methods.

spacers were PCR amplified from the Escherichia coli LacZ
gene and did not contain an AUG start codon. Expansions of
both 47 and 140 nt do not affect LUC activity in the uAUG(+)
constructs [Fig. 6(7) and (9)]. Insertion of the spacer in the
opposite orientation gives the same result (result not shown).
Similarly, reducing the intercistronic region does not impair
LUC translation [Fig. 6(11)]. In all constructs mutated within
the uAUGs, modifying the length of the intercistronic region
does not alter LUC activity significantly [Fig. 6(8), (10) and
(12)].

Taken together, these results demonstrate that the sequence
of the intercistronic region is not involved in controlling trans-
lation of the downstream ORF.

Mutations within the peptide sequence encoded by the
uORF enhance translation of the downstream cistron

Inhibition by uORFs in few other eukaryotic genes is
dependent upon the peptide-coding sequence of the uORF
(34,3942). To assess the importance of this peptide in the
translation of the downstream ORF, the uORF sequence was
mutated in the following ways: First, we introduced a stop
codon in the uORF sequence [Fig. 7A(3)] in order to synthesize a
three amino acid peptide after initiation of the translation at
uAUG#2 (the UGG codon was mutated in UGA; Fig. 2).
Secondly, we performed a frame shift mutation within the
mRNA that generates a mutated sequence of the uORF-
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Figure 5. Translational repression by the Chop uORF is impaired by elongated
uORF. The constructs shown in this figure are derived from the CMV-5"UTR—
LUC (1). (2) The uAUG#2 was mutated in an optimum consensus start site
(gceecgecaccAUGg). In the following construct, the STOPmt construct (3) was
generated by mutation of the stop codon of the uORF and by the introduction
of a 1 nt frame shift in order to generate an extended uORF that is not in-frame
with the LUC ORF. The CHOP 5'UTR and the LUC coding sequence are
presented for each construct and the uORF is boxed. Forty-eight hours after
transfection, cells were harvested and analyzed for relative LUC activities and
mRNA level as described in Materials and Methods.

encoded peptide without affecting its length [Fig. 7A(5)].
Figure 7A shows that these different mutations of the uORF
peptide sequence increase LUC activity by about ~3—4-fold,
but do not affect the mRNA content [Fig. 7A, compare (3) and
(5) with (1)].

In order to measure the full de-repression of LUC activity,
we constructed control plasmids, containing the same modifi-
cation in the uORF sequence but mutated on uAUG#1 and
uAUG#?2 codons [Fig. 7A(2), (4) and (6)]. Elimination of the
uORF start codons results in a higher LUC activity than that
found after mutation of the peptide sequence of the uORF
suggesting that mutations of the peptide sequence encoded by
the uORF do not achieve the full de-repression of the LUC
activity. From these experiments we can conclude that (i) initi-
ation at the uAUG alone contributes, for a part, to the inhibi-
tion of the downstream ORF translation independently of
peptide sequence and (ii) when the amino acid sequence of
uORF is mutated, translation of the downstream ORF is
increased.

The mutations used in these experiments have a drastic
effect on the amino acid sequence, but correspond only to
minor changes in the mRNA sequence. Nevertheless, we
cannot exclude that the mRNA sequence of the 5’"UTR by itself
could be involved in the control of the residual expression of
the downstream cistron. To investigate its role we performed
silent mutations in the uORF coding sequence, which modify
the mRNA but not the uORF protein sequence (13 nt located
on the last part of the uORF sequence were mutated). Figure 7A(7)
shows that silent mutations of the uORF sequence slightly
decrease LUC activity (~2-fold). These results demonstrate
that the u”ORF mRNA sequence plays a role in the initiation of
the downstream AUG. This mutation does not affect signifi-
cantly the expression of the downstream cistron when
uAUG#1+2+3 are mutated [Fig. 7A, compare (2) and (8)].
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Figure 6. Translational repression by the Chop uOREF is not dependent on the intercistronic region. Expression constructs containing the 5’"UTR either in a wild-
type form (5) or mutated on the uAUGs (6) were used to mutate the intercistronic region. The arrows represent point mutation of the uAUGs. When present the
uOREF is boxed. These constructs were transfected in HeLa cells then, 48 h after transfection, cells were harvested. The relative LUC activities and mRNA levels
were analyzed as described above. In plasmid ICmt, the CHOP intercistronic region was replaced by a LacZ sequence which does not contain any AUG [(3) and
(4)]. The initiation context of the LUC AUG was not changed. Plasmids mutated on the AUG#3 are given as a control (1). (2) A spacer of 47 bp [(7) and (8)] or
140 bp [(9) and (10)] that does not contain AUG codon was introduced into the intercistronic region of the pCMV-5"UTR—LUC plasmid mutated or not on the
uAUGs. In the constructs AIC, the intercistronic region was deleted [(11) and (12)]. The mutations do not affect the Kozak consensus sequence of the LUC AUG.

uORF-mediated translation inhibition is exerted in cis

We next addressed the possibility that the uORF encoded
peptide inhibits translation of the downstream ORF in ftrans.
The reporter plasmid mutated on the uAUGs [pCMV-5"UTR~
LUC-uAUG(-)] was transfected together with increasing
amounts of the expression vector, pCMV—-uORF, which
contains the uORF driven by the CMV promoter (Fig. 7B). A
control experiment was performed by co-transfecting the
reporter vector with an expression plasmid mutated on the
uAUG codons [pCMV-uORF-uAUG(-)]. Transfection of
increasing amounts of the uORF expression vector does not
diminish LUC expression encoded by the reporter plasmid.
Although we cannot directly assess synthesis of the
uORF-encoded peptide in the cell, the high expression of the
fusion construct shown in Figure 4 demonstrates that trans-
lation is initiated efficiently at the CHOP uORF. The inability
of the uORF to repress translation when expressed from a separate

transcript suggests that the uORF inhibits the expression of a
downstream cistron via a cis-acting mechanism.

DISCUSSION

The expression of the CHOP is strongly enhanced in response
to various stresses including perturbation of ER function and
amino acid deprivation. In these situations, global protein
synthesis is inhibited. We initiated this study on the CHOP
5’UTR in the hope of understanding how CHOP is translated
while most other transcripts are not. We examined this question
by comparing the relative translation levels of a CHOP mRNA
expressed from a strong constitutive retroviral promoter in the
presence or absence of ER stress. We found that the presence
of this region suppressed translation in both stressed and
unstressed cells. This is due to a set of three upstream AUGs
(uAUG) that is present in the region from nucleotides +1 to
+170 in the human 5’UTR. The first two uAUGs codons are
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Figure 7. Inhibition of translation by the uORF is dependent on its peptide sequence. (A) HeLa cells were transiently transfected with LUC constructs [derived
from the CMV-5"UTR—LUC(1) (2)] mutated in the uORF sequence. Forty-eight hours after transfection, cells were harvested then relative LUC activities and
mRNA levels were analyzed. Plasmids contain the 5’UTR either in a wild-type form or mutated on uAUG#1 and AUG#2. The arrows represent point mutation of
the uAUGs. When present, the uORF is boxed. Point mutations of the uORF coding sequence are indicated by asterisks. In the first set of constructs a stop codon
was introduced at the nucleotide +52, the UGG codon is replaced by the UGA codon (3) and (4) generating a three amino acid peptide. In the second set of con-
structs, the sequence of the synthesized peptide was mutated by introduction of a frame shift in the nucleotide sequence (5) and (6). One base was introduced after
AUG#2 and one base was withdrawn just before the stop codon. The mutation does not affect the Kozak consensus sequence of AUG#2. The mutated uORF is
boxed and hatched. In the last set of constructs, we have generated ‘silent mutation’ in the uORF coding sequence, which modify the mRNA sequence but not the
amino acid sequence [we have mutated 13 nt located in the last part the uORF sequence; (7) and (8)]. (B) HeLa cells were transiently co-transfected with 0.5 ug
of the reporter plasmid [CMV—5"UTR—uAUG(-)-LUC] and increasing amounts (0, 0.5, 1, 2, 3 and 4 ug) of a CHOP uORF expression vector encoding the uORF peptide
(pPCMV—uORF). In the control experiment, this expression vector has been mutated on AUG#1 and AUG#2 [pCMV—uORF-AUG(-)]. The total amount of expres-
sion vector was kept constant by addition of empty vector (pCMYV). Forty-eight hours after transfection, cells were harvested and relative LUC activities were

analyzed.

in-frame and start an uORF localized in the 5" leader. Our
results show that the uAUG#2 is well initiated by ribosomes
and strongly represses translation of the downstream ORF. The
third uAUG codon of the human Chop 5’UTR, which is not
present in the hamster and mouse 5'UTR, slightly inhibits
initiation at the main AUG. Removal of all the uAUGs
improves translational activity by ~10-fold. Our results are
consistent with a mechanism in which translation of the CHOP
uORF cistron represses initiation of the downstream AUG
codon. Several examples of genes containing inhibitory
uORFs have been described (34). However, uORFs do not
always inhibit translation. For instance, the 5’'UTR of ornithine
decarboxylase mRNA represses translation, but the uORFs
present in its leader contribute poorly to its repression (43).
The current study shows that the mutation of two nucleotides,
changing the sequence of the peptide encoded by the uORF,
strongly increases translation of the downstream cistron. These
data favor the hypothesis that uORF inhibits downstream
translation by a mechanism that depends on the amino acid
coding information. We cannot completely exclude that muta-
tions used in these constructs could influence the initiation at
the downstream codon. However, it is unlikely that point muta-
tion strongly alters the RNA structure and thereby affects LUC
expression. In addition, the results obtained using the ‘silent
mutations’ show that the mRNA sequence encoded by the
uORF can affect the initiation at the downstream cistron.

Taken together, our results show that when mutated only on
the mRNA sequence, the uORF region slightly decreases the
LUC expression, whereas mutations on the amino acid
sequence strongly enhanced LUC expression. Therefore, it is
likely that the effects of the point mutation used to modify the
amino acid sequence of the uORF (Fig. 7A) are due to the
peptide sequence of the tORF and thus the inhibitory effect of
the uORF is a ‘protein driven-mechanism’.

Other eukaryotic gene transcripts that contain uORF which
inhibit downstream translation by a mechanism that depends
on the amino acid coding information have been described. For
example, in S-Adenosylmethionine decarboxylase (44), the 2
adrenergic receptor (45), the yeast CPAI gene (46) or the
cytomegalovirus gp48 (or CMV gp UL4) (47-49) genes, the
peptide product of the uORF mediates repression of trans-
lation. For most of these genes the uORF peptide mediates
inihibition in cis. Only the B2 adrenergic receptor uORF
peptide inhibits translation in frans. However, this result has
been shown only in cell-free extracts and at high peptide
concentrations (45). The mechanisms involved to explain the
inhibitory effects of the uORF peptide on translation are not
understood, however several models can be proposed. For
example, the peptide of the uORF is synthezised and has the
ability to inhibit translation only at high concentrations in the
local microenvironment (45). In addition, it is possible that the
nascent peptide, still attached to the translational machinery,
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inhibits translation through interaction with the ribosome or a
ribosome-associated translation factor. In the gp48 gene, it has
been shown that the uORF peptide leads to ribosome arrest
during termination of translation of uORF2 (39,47,49). There-
fore, the uORF would be required to be part of the same tran-
script preceding the major cistron. Further investigations will
be required to determine if a similar mechanism takes place
within the Chop transcript.

Our data show that despite an efficient translation of the
uORF, the main cistron remains slightly translated. Several
mechanisms can account for the translation of the downstream
cistron: internal ribosomal entry, ribosome re-initiation and
‘leaky scanning’. The efficiency of re-initiation after uORF
translation can be affected by both the nature of the sequence
surrounding the upstream termination codon and the distance
between the uORF and the downstream start site (34,35,50).
Substitution of the intercistronic sequence by a neutral LacZ
sequence or altering the length of this sequence does not affect
translation of the downstream ORF. Therefore, the inter-
cistronic region does not contain sequence involved in the
control of ribosome re-initiation or internal ribosomal entry
site. However, ‘silent mutations’ of the uORF sequence
slightly decrease the residual translation of the downstream
cistron, suggesting that the mRNA sequence can play a role in
the initiation of the downstream cistron. This conclusion is
reinforced by the observation that elongating uORF (Fig. 5)
partially inhibits the residual translation of LUC. However, the
residual LUC activity that is measured when the uORF is
expanded shows that ‘leaky scanning’ can also contribute for a
part to the translation of the downstream cistron.

Taken together these data are consistent with the idea that the
residual translation of the downstream ORF occurs in part by
re-initiation of the ribosomes and in part by leaky scanning.
Further work will be necessary to quantify the respective part
of the both mechanisms in the translation of the CHOP ORF.

The observation that most of the mRNAs that initiate down-
stream of one or several uAUGs codons encode regulatory
proteins leads to the suggestion that uAUGs may down-regulate
the translation of proteins whose expression has to be finely
controlled. Supporting evidence for this idea comes from the
findings that (i) the oncogenic potential of c-mos (51,52) or
c-Ick (53) is increased by rearrangements that remove the
uOREF, and (ii) the repressive effect of the uORF can be regulated.
For example, in the well-studied case of the Saccharomyces
cerevisiae GCN4 gene, four uORFs regulate translation of
GCN4 in response to amino acid availability by controlling
which downstream AUG codons are utilized by the re-initiating
ribosomes (54,55). Another example involves the uORF of the
S-adenosylmethionine decarboxylase which by itself can
provide polyamine regulation of translation of the downstream
OREF (56). In addition, the inhibitory role of the upstream AUG
can be affected by cell type. For instance, elements in the
leader sequence of c-sis transcript inhibit its translation, but
this repression is transiently relieved in differentiating
megakaryocytes (57).

Given the importance of the CHOP protein in the regulation
of numerous cellular functions, requirement for precise control
of its expression may be necessary. We have described a new
feature of CHOP expression that involves translational repres-
sion by a highly conserved uORF. An example of constitutive
expression of an abnormal form of CHOP is the fusion of

CHOP with TLS due to the chromosomal translocation found
in a vast majority of human myxoid liposarcomas (10). The
oncogenic potential of this fusion protein is due to the properties
of the TLS part of the protein and to its constitutive expression
(11). It is noticeable that the constitutive expression of this
oncogenic form of CHOP could be partially explained by the
absence of translational repression due to the deletion of the
CHOP 5'UTR.
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